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(57) Abstract 

A method and apparahis (10) for dispensing precise quantities of liquid reagent (14) is disclosed including a positive displacement 
syringe pump (22) in series with a dispenser (12), such as an aerosol dispenser (I2a) or solenoid valve dispenser (12b). TTic pump (22) is 
controlled by a stepper motor (26) or the lilce to provide an incremental quantity or continuous flow of reagent (14) to the dispenser (12). 
The pump (22) and dispenser (12) are operated in cooperation with one another such that the quantity and/or flow rate of liquid reagent (14) 
dispensed by the dispenser (12) can be picciscly metered substantially independently of the particular operating parameters of the dispenser 
(12) to attain a dcsiied flow rate, droplet size or mist quality, droplet frequency and/or droplet velocity. 
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VfOm^SS ^ PCTAJS97/13322 

DISPENSING APPARATUS HAVING IMPROVED DYNAMIC RANGE 
Background of the Invention 

1. Ffetd of the Invention 

The present invention relates generally to en improved method and apparatus for dispensing chemical 
5 reagents and other liquids onto a substrate and, in particular, to various methods and apparati particularly adapted 
for dispensing precise quantities of chemical reagents onto a recepthre membrane, such as to form a diagnostic test 
strip, having improved dynamic range of operation. 

2. Description of the Prior Art 

Cb'nical testing of various bodily fluids conducted by medical personnel are weD-estabfished tools for medical 
10 diagnosis and treatment of various diseases and medical conditnns. Such tests have become increasmgly 
sophisticated, as nmdical advancements have led to many new ways of (fiagnosing and treating diseases. 

The routine use of clinical testmg for early screemng and diagnosis of diseases or medical conditions has 
ghren rise to a heightened mterest bi simplified procedures for such clinical testing that do not require a high degree 
of skin or which persons may conduct on themsidves for the purpose of acquiring information on a phystokigical 
15 relevant condition. Such tests may be carried out with or without consultation with e health care professkmal. 
Contemporary procedures of this type include blood gkicose tests, ovutetion tests, btood cholesterol tests end tesu 
for the presence of human chorionic gonadotropin in urine, the basis of modem home pregnancy tests. 

One of the most frequently used devices tn clinical chemistry is the test strip or dip stick. These devices 
are characterized by their kiw cost and sinpficity of use. Essentially, the test strip is placed in contact with a 
20 sample of the body fhitd to be tested. Various reagents incorporated on the test strip react with one or more 
analytes present in the sample to provide a detectable signaL 

Most test strips are chromogenic whereby a predetermined soluble constituent of the sample interacts with 
a particular reagent either to form a uniquely cokired compound, as a quaftative mdication of the presence or 
absence of the constituent, or to form a colored compound of variable cotor intensity, as a quantitative mdtcatkin 
25 of the amount of the constituent present. These agnals may be measured or detected either visually or via a 
specially calibrated machine. 

For exampte. test strips for determintng the presence or concentration of leukocyte cells, esterase or 
protease in a urine sample utiEze chromogenetic esters which produce an ateohol product as a result of bydrotysb 
by esterase or protease. The intact chromogenetic ester has a color different from the alcohol hydrolysis product. 
30 The color change gen^ated by hydrolysa of the chromogenetic ester, therefore provides a method of detect'mg the 
presence or concentration of esterase or protease, wtdch in turn, is correlated to the presence or concentratkin of 
leukocyte cells. The degree nul intensity of the color transition is proportnnal to the amount of leukocyte esterase 
or HLE detected in the urine. Sea U.S. Pat. No. 5,464,739. 

The emergence and acceptance of such diagnostic test strips as a component of clinicat testing and health 
35 care in general has led to the devekipment of a number of quafity diagnostic test strip products. Moreover, the range 
and availability of such products is likely to increase substantiaSy in the future. 
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Because test strips are used to provide both quantitative and qualitative measurements, tt ts extremely 
important to provide uniformity in distribution of the reagents on the test strip substrate. The chemistry is often 
quite sensitive and medical practice requires that the testing system be extrmly accurate. When automated 
systems are used, it is particubrly important to ensure that the test strips are reGable and that the measurements 
5 taken are quantitatively accurate. 

Appfication of one or more reagents to a test strip substrate is a highly difficult task. The viscosities and 
other flow properties of the reagents, their reactrveness with the substrate or other reagents vary from reagent to 
reagent, and even from lot to lot of the same reagent It b also sonnetimes necessary or desirable to provide precise 
patterns of reagent on the test strip having predetermined reagent concentrations. For example, some test strips 

10 provide multiple test areas that are serially arranged so that nniltiple tests may be performed using a single test 
strip. U.S. Patent No. 5,183,742, for instance, disctoses a test strip having multipte stde*by-side detection regions 
or zones for simultaneously performing various tesu upon a sample of body flukl. Such test strip may be used to 
determine, for example, levels of glucose, protem. and the pH of a single blood sample. It is often difficult, however, 
to form sharp rmes or other geometric shqtes hevmg uniform concentratimis of reagent 

15 For several years the industry has been devekiping dispensmg methods based on the use of either air brush 

dispensers or sotenotd vahre dispensers. Air brushes use pressurized air ftowing across a needle valve opening to 
atomize the reagent into a mist which is then deposited onto the test strip substrate. The quality of the mist, 
reagent dispersran pattern and the amount of reagent flow onto the substrate is controlled by adjusting the needle 
vahre opening andjor the pressure of the atomizing air fbw. Solenoid vahre dispensers generally comprise a smaD 

20 solenoid-activated vahre which can be opened and closed electromcally at high speeds. The soteioid vetve is 
connected to a pressurized vessel or reservoir containing the fhiid to be dispensed. In operation, the solenoid is 
energized by a pulse of electricel current, which opens the vahe for a predeteimined duty-cycle or open time. This 
aBows a smaD vohime of liquid to be forced through the nozzb forming e droplet which is then ejected from the valve 
onto the target substrate. The size and frequency of the droplets and the amount of reagent flow onto the substrate 

25 is typically controBed by adjusting the frequency and pulse-width of energizing current provided to the solenoid vahre 
and/or by adjusting the pressure of the reservoir. 

Currently avaBable dispensing methods, however, are limited in the flexibiTity they have to independently 
aiQust and r^ulate the output of the dispenser in terms of droplet size or mist qua&ty, droplet vebcity and flow 
rates of dispensed reagent. Fbw rates can often drift due to changes in temperature or the viscosity of the reagent 

30 This can cause undesirable lot to lot variances of reagent coating concentrations or coating patterns. Many reagents 
that are used for diagnostic testing are so reactive with the recepthra membrane or substrate that large droplets can 
form inpresstons on the membrane surface at the point of initial contact before the droplets flow together to form 
the desired pattern. As a result, it is sometimes desirable to dispense a fine mist or very small droplets of reagent 
onto the substrate. Often, however, a desired droplet size or mist quality is simply not attainabte for a desired 

35 production flow rate. It is sometimes necessary, therefore, to perform production runs of test strips et slower than 
optimal speeds in order to ensure adequate results. This can increases the cost of production significantly. Certain 

j 
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ifispensers, such as solenoid valves, are also suscaptibb to dogging by smal air or gas bubbles forming in the valve 
rtseH or in the lines or conduits which supply reagent or other liquids to the dispenser. This is a major refiabifitY 
problem with many conventional solenoid vahre dispensers. 

While some of these problems can be controlled or Riitigated by adding surfactants or various other chemical 
5 additives to nnodif y the surface tension or other flow characteristics of the droplets, compatible chemistry is not 
available for all reagents. Also the use of surfactants and oth^ chemicals can often lead to other problems either 
in the test strip itself or in the dispensing apparatus or production processes. 

Smnmarv of the tnveiition 
The reagent dispensing method and apparatus m accordance with the present invention can dispense desired 

1 0 quantities of chemical reagents or other liquids onto a substrate, such as a receptive membrane, while advantageously 
providing the abiity to independently and precisety adjust droplet size or mist quality, droplet velocity and reagent 
flow rates, both in terms of per unit time or per unit distance. Thus, the present invention provides new devices 
and methods of dispensing precise quantities of fiquids having inproved performance and dynamic range of operation. 
In accordance with one preferred embodiment the present invention comprises an improved apparatus for 

15 dispensing precise quantities of fiquid onto a substrate. The apparatus comprbes a dispense having an inlet and 
an outlet and being edapted to form droplets of liquid having a predetermined size and/or quality. The droplets are 
emitted by the dispenser so as to be deposited onto a receptive substrate. A postthre displacement pump is provided 
in series with the inlet of the dispense for metering predetermined quantities of liquid provided to the dispenser. 
In this manner, the quantity and/or flow rate of liquid dispensed by the dispenser can be precisehr metered 

20 substantially independently of the particular operating parameters of the dispenser. 

In accordance with enother preferred embodiment the present invention comprises a method or apparatus 
for dispens'mg a reagent onto a substrate. A positwe displacement syringe pump is provided in series with a reagent 
dispenser. The pump a comroUed via a stepper motor or the Eke to provide precision incremental or continuous flow 
of reagent to the dispenser. The dispenser is selectively operated to form droplets or a mist of droplets of a 

25 predetermined droplet size and/or quality which are then deposited onto the target substrate. Advantageously, the 
reagent droplet size, mist qua&ty, droplet vebcity and/or flow rate can be precisely controlled independenthf of the 
particular system operating parameters of the dispenser. 

In accordance whh another preferred embodiment the present inventbn comprises an apparatus for 
dispensing a liquid onto a substrate, comprising a dispenser having an inlet end en outlet and a vahre adapted to be 

30 opened and closed at a predetermined frequency and duty cycle to form droplets which are deposited onto the 
substrate. A positive displacemant pump, such as a stepper-motor-operated syringe pump, is hydraulically arranged 
in series with the inlet of the cfispenser for metering predetermined quantities of iquid to the dispenser. The pump 
and dispotser are operated in cooperation with one another such that the quantity and/or flow rate of fiquid 
dispensed by the dispenser can be precisely metered substantially independently of the particular operating parameters 

35 of said dispenser. In this manner, the size, frequency, and velocity of droplets dispensed by said dispenser can each 
be adjusted substantially independently of the quantity and/or flow rate of fiquid being dispensed. 
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In accordance wHh another preferrad smbodiment the present invention comprises an apparatus as described 
above in combination with a carriage adapted for X, X-Y or X-Y-Z motion relative to the dispenser. The dispenser 
and carriage are arranged and controlled in a coordinated manner to form droplets of reagent, ink, liquid toner or 
other liquid in accordance with a predetermined desired matrix or pattern. If desired, an array of dispensers and 
5 associated postthre displacement pumps may be provided and the outlets of the dispensers being arranged m a desired 
panem suitable for attaining a desired print matrix or dot pattern. 

These and other embodiments and modes of carrying out the present invention win be readily ascertainable 
from the following detailed descrqition of the preferred modes, having reference to the attached drawings, the 
invention not being limited to any particular preferred embodiment. 
10 Brief Dwcrintlon of ttie Drawrin^i 

Figure 1A is a schematic drawing of a precision metered dispensing apparatus having features in accordance 
with the present invention; 

Figure IB is a sch^natic drawing of an alternative embodiment of a precision metered dispensing apparatus 
particularly adapted for continuous web proihictibn operation end having features in accordance with the present 
15 invention; 

Figures 2A and 28 are cross-sectional and detaS views, respectfully, of an air brush dispenser having 
features in accordance vrith the present tnvNition; 

Figure 2C is a graphical representation of the test strip substrate of F^ura 28 illustratmg surface 
concentration of dispensed reagent and the resulting concentration gradients of the absorbed reagent; 
20 Figure 3 is a cross-sectional view of a solenoid vahre dispenser having features in accordance with the 

present invention; 

Figure 4 is a cros^sectional view of an optional piezoelectric dispenser having features in accordance with 
the present invention; 

Figure 5 is a cross-sectional detail view of the syringe pump of Hgure 1; 
25 Figure 6 is a graph comparatively illustrating the range of flow rates attainable with a precision matered 

aerosol dispensing apparatus constructed and operated in accordance with the present invention; 

Figure 7 is a schematic drawing Shjstrating two possible modes of operation of a solenoid valve dispenser 
constructed and operated in accordance with the present invention; 

Figure 8 is a schematic view of an electrostatic printer for use in accordance with one embodiment of the 
30 present inventbn; and 

Figure 9 is a front elevational view of an optional dispenser platform and multi-head dispenser for use in 
accordance with one embod'onent of the present invention. 

Detailed DeicriDtion cf the Prefgrred EmliodhnBntt 
Figure 1A is a schematic drawing of e predsion metered dispensing epparatus 10 having features in 
35 accordance with the present invention. The dispensing apparatus 10 generally comprises a dispenser 12 for 
dispensing reagent 14 from a res^oir 16 and a positive displacement syringe pump 22 intemtediatB the reservoir 
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16 and the dispenser 12 tor precisely metermg the volume and/or flow rate of reagent dispensed. The dispenser 
12 is selectively operated to provide individual droplets or a spray pattern of reagent, as desired, at the 
predetermined incremental quantity or metered flow rate. 

Figure IB is a schematic drawing of an alternative embodiment of a precisian metered dispen^g apparatus 
5 1 CT particularly adapted for continuous web production operation and having features in accordance with the present 
invention. For convenience of description and ease of understanding like reference nunterab are used to refer to fike 
components previously identified and described in Figure 1A. The dispensing apparatus 10' generally comprises a 
dispenser 12' for dispensing reagent 14' from a reservoir 16*. As described above, the dispenser 12' can be 
selectively operated to provide indhridual droplets or a spray pattern of reagent as desired, at the predetermined 

10 incremental quantity or met&Bd flow rate. 

In this case, however, tandem positive displacement syringe pumps 22a, 22b are disposed intermediate the 
reservoir 16' and the dispenser 12' for precisely and contniuously metering the vohune and/or flow rate of reagent 
dispensed. The pumps 22a, 22b ere preferably connected m parallel as shown, and are isolated from one another 
by appropriate check valves 24' such that each syringe pump 22a, 22b b capable of independently metering a vohime 

15 and/or flow rate of reagent to be dispensed. Tbb particular dbpensing apparatus configuration has significant 
advantages for continuous web production applications since the syringe pumps 22a. 22b can be operated bi 
alternating succession while aSowing the noiHlbpensing syringe pump to draw addittonai reagent 14' from the 
reservoir 16*. bi thb manner, continuous web productnn b facBitated without htOTuption. Of course, one or more 
additional syringe pumps may abo be used in a sbmlar manner, if de^ed, such as for dbpensing a wash fluid or 

20 other suitable reagents or fhiids. Alternatively, if desired, one or more continuous positive dbplacement pumps, such 
as a peristaltic pump, may be used for continuous web production. 

The dbpensers 12 and 12*. described above, may comprise any one of a number of suitable dbpensers weQ 
known in the art for dbpensing a liquid, such as an air brush dbpenser. a solenoid valve dispenser or a piezoelectric 
dbpenser. Several particulariy preferred examples are described bebw for ilustrative purposes. Those skilled in the 

25 art will readily appreciate that a wide variety of other suitable dbpensers may abo be used to achieve the benefits 
and advantages taught herein. 
Air hfosh Dispenter 

Figures 2A and 2B are cross-sectunal and dotal views, respectfully, of an air brush dbpenser 12a, for use 
in accordance with one embodiment of the present invention. The dispenser 12b generally comprises a nozzle portion 

30 32 and a manifold portion 34. The manifold 34 alows compressed air to enter into a first annular chamber 36 and 
aBows reagent to enter nto a second annular chamber 38 formed between a needle valve 40 and a corresponding 
orifice 42. The needle valve 40 b fitted withm end extends through the orifice 42, as shown. It b preferably 
axiady adjustable in accordance with wel^nown needle vake adjustment techniques. The position of the needle 
vahre 40 relative to the orifice 42 det^nines the of fecthre size of the resulting needle vahre opening 43, and thus 

35 the amount of reagent f bw for a given pressure differential 
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Pressurized air flows over the needle vehre opening 43 creating a venturi effect which draws reagent 
through the orifice 42 onto the tip of the needle vahre 40. The pressurized air accelerates past the orifice 42 and 
the needle vahre opening 43 over the tip of the needto 40. The resulting high velocity air atomizes the reagent 14 
flowing down the needle 40. This creates an aerosol mist 45 which is ejected from the nozzle 32 along with the 
5 excess airflow, bi a conventional air brush dispenser, the volume of reagent dispensed by the nozzle 32 b 
determined by the pressure differential of the compressed air source relathre to atmospheric pressure, the size of the 
needle vah/e opening 43, and the viscosity and other flow characteristics of the reagent 14. 

In accordance with one embodinent of the present invention, however, a positive displacement pump 22 
Is provided in series between the reservoir 16 and the air brush 12a as shown in Figure 1. The orifice 42 now 

10 admits a flow of reagent as determined solely by the positive (fisphicement pump 22. The reagent is ejected out 
of the orifice opening 42 and mixes with the pressurized air flowing out of the nozzle 32. Advantageously, m 
accordance with the present invention absohite volume or flow rate is an input parameter controlled by the metering 
pump, rather than an output parameter which must be calibrated by trial and error adjustment Thus, the air brush 
can be used to deBver precise quantities and flow rates of reagent onto a test str^ substrate. This substrate is 

15 preferably e receptive membrane edapted to bond with the reagent so as to form a diagnostic test strip. However, 
the substrate 30 may also be paper, ceDuous, plastic or any wet or dry surface capable of receiving a dispensed 
reagent or other Equid. 

As discussed in more detaS below, a reagent dispensmg apparatus and method using the combinatbn of 
an a'r brush dispenser and a metering pump provides a new dimension of control which provides additional production 

20 capabiBties not achievable with conventional air brush dispensers. Unlike conventional methods of operating an air 
brush dispenser, which typically provide only a single stable operating point for a ghren input eir pressure and needle 
vahre opening, the method and apparatus of the present hnrention provides a wide range of metered flow rates for 
achieving e stable dispersion pattern. The Emits of this renge cen be determined experBnenteUy. An even wider 
range of production flow rates can be achieved using a single pressure setting end a ser»s of adjustable orifice 

25 openings as illustrated in Hgure 6, discussed later. 

Figure 2C is a graphical representation of the test strip monbrane 30 of Figure 2B, tlhistratmg surface 
concentrBtion46 of dispensed and the resultmg concentration gradients 48 of the absorbed reagent in the membrene 
30. For stable dispersion patterns, the surface reagent concentration 46 assumes a standard Gausian distribution, 
as shown. The width or standard deviation of the dtstra)ution pattern will depend upon the shape of the dispersion 

30 pattern created by the nozzle 32 (figure 2BI This is dependent primaray on the shape of the exit nozzle 32, the 
needle vahre 40 and the mput air pressure. Higher input pressures wiB generally result in wider dispersion patterns. 
Solenoid Valve Dispenser 

Figure 3 is a cross sectionat view of a solenoid vahre dispenser 12b for use in accordance with another 
embodiment of the present inventbn. Sotendd valve dispensers of this type are commonly used for ink-jet printing 

35 and are commercially available from sources such as The Lee Company of Westbrook. Connectsut. The dispenser 
12b generaSy comprises a solenoid portion 32 and a vahre portbn 34. The solenoid portion 32 comprises an 
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electromagnetic coil or winding 36, a static core 38 and a rnovable ptunger 40. The static core 38 and movable 
plunger 40 are disposed within a hollow cylindrical sleeve 41 and are preferably spaced at least sfightly away from 
the inner walls of the sleeve 41 so as to form an annular passage 42 through which the reagent or other liquid to 
be dispensed may flow. The static core 38 and movable phinger 40 are preferably formed of a ferrous or magnetic 
5 material such as iron, and are separated by a small gap 44. Those skSed in the art wS apprecete that when the 
solenoid coil 36 is energized a magnetic field is created which draws the plunger 40 toward the static core 36, 
dosing the gap 44 and openmg the vahre 34. 

The valve portion 34 comprises e valve seat 52. having an orifice opening 54, and a stopper 56 having a 
valve face 58 adapted to seal against the valve seat 52. The stopper 56 is in mechanical communication with the 

10 plunger 40 and Is spring biased toward the vahre seat 52 via coQ ^rng 60. Again, those skSIed m the art w3l 
readily appreciate that as the plunger 40 moves up and down, the vahe 34 will open and chise, accord'otgly. 
Moreover, each time the vahre 34 opens and closes, a volume of Gquid is forced through the vahre orifice 54 to form 
8 puke or pressure wave which ejects a droplet of Dquid from the exit orifice 61 of the nozzle tip 59. 

Conventionally, a pressurized reservoir (not shown) bavmg a predetermined constant pressure is used to 

15 force liquid reagent or other liquid through the vahre orifice 54 during the time Interval in which the vahfe 34 is open. 
Under controlled condition^ such dispensers may have a repeatability of ±2% with a minntum drop size of about 
30-35 nano&ters. The size of the droplet will be determined by system operating parameters such as the reservor 
pressure, valve open time or duty-cycle, and the viscosity and other ftow characteristics of the particular reagent 
or Bquid being dispensed. Of course, certain fixed parameters, such the size and shape of the nozzle 59, wiB also 

20 play an important role in the operational characteristic! of the valve in terms of droplet size and repeatabiGty. In 
general, however, droplet size wiB fatcrease with increasmg reservoir pressure and vahre open time. 

In accordance with the present invention, however, a positive ifisplacenwnt pump 22 is provided in series 
between the supply reservoir 16 and the solenoid valve dispenser 12b, as ^own in Figure 1. For a ghren range of 
ftow rates the valve orifice 54 (Figure 3} now admits a quantity and/or flow rate of reagent as determined solely 

25 by the positive displacement pump 22. For example, the flow rate could be set to defiver 1 microliter per second 
of reagent. The pump 22 wDl then defiver a steady flow of reagent to the solenoid valve dispenser 12b et the 
programmed rate. As the solenonl vahre is opened and dosed, a series of droplets w9l be formed at the desired 
volume flow rate and ejected onto the target substrate 30. This substrate is preferably a receptive membrane 
adapted to bond with the reagent so as to form a diagnostic test strip. Altemathrely, the substrate 3D may be 

30 paper, ceOuous, plastic or any other wet or dry surface capable of recehring a dispensed reagent or other liquil 
Advantageously, within a certain operat'mg range the size of the dropleU can be ai^ed without affecting 
the flow rate of reagent simply by changing the frequency of the energizuig pulses 13 provided to the solenoid vahre 
dispenser 12b. Of course, there are physical limitations of vahre open time or duty-cycle necessary to achieve stable 
droplet formation. If the open time is too short relathre to the flow rate provided by the metering pump 22, the 

35 pressure w^t increase and possibly prevent the vahre from opening or functioning properly. H the open time is too 
long relathre to the flow rate, then drop formation may not be uniform for each open/close cycle. Nevertheless, for 
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a given flow rate of reagent provided by the pump 22 there will be a range of compatible frequencies and/or valve 
open tbnes or duty-cycles in which stable dispensing operations may be achieved at the desired f bw rata and droplet 
size. This renge may be determined experimentally for a given production set up. 

Another significant advantage of the present invention is that the velocity of individual droplets can be 
5 Bidependently adjusted without affecting the flow rate of reagent or droplet size. This can be accomplished, for 
example, by varying the duty cycle of the energizing pulses 13 provided to the solenoid vahre dispenser 12b. 

For example, at a drop vohnne of 63.3 nl the drop can be f onned by using 20 syringe steps with 1 valve 
opening using a 100 uL syringe with a 24,000 step resohition. Using an open time of 5% will result in a higher 
drop velocity than using an open tone of 7%. This is because with tt» shorter open time the pressure buSd up in 
10 the hydraulic fine is greater than 7%. 

Again, there ere physical limitattons posed by the length of duty-cycle necessary to achieve stable droplet 
formation, as noted above. Neverthetoss, for e given flow rate and droplet size there wiD be a range of compatlile 
duty-cycles bi which stable dispensing operations may be achieved at the desired flow rate, droplet size and vetocity. 
Again, this range may be determined expenmentaDy for a given production set up. 
15 As discussed in more detail betow, dispensing e reagent by using a combination of a solenoid vahre dispenser 

and a met^ pump proviites a new dimension of control which provides addhional production capabifities not 
achieveble with conventional solenoid vahre dispensers. UnEke conventtonal solenoid valve dispensers, which typicaOy 
have only a single flow rate or operating point for a given set of system operating parameters (eg. reservoir pressure, 
vahre frequency end duty cycle), the present invention provides a wide dynamic range of metered flow rates, droplet 
20 size, droplet frequency and droplet velocity for achieving stable dispensing operation. Moreover, because the solenoid 
vehre dispenser 12b is forced to deliver precise quantities and/or flow rates of reagent, the solenoid valve dispenser 
is not as susceptible to clogging due to air or gas bubbles. Rather, any air or gas bubbles tend to be recondensed 
or ejected out of the sotenoid vahre dispenser 12b by operation of the positive displacement pump 22. 
Piezoelectric Dfepenser 

25 Figure 4 shows a cross-sectioDat view of an optional piezoelectric dispenser 12c which may elso have 

advantageous use in accordance with the present invention. The piezoelectric dispenser genereDy comprises a 
capSary tube 84 made of glass or other suitable material and a piezoelectric constrictor 86 disposed around the 
capillary tube 84, as shovtm. The capSlary tube 84 has a nozzle portion 88 of a reduced diameter. When the 
capillary tube 84 is constricted by the piezoelectric constrictor 86. droplets 90 ere formed at the exit orifice 89 of 

30 the nozzle portion 88. Advantageously, the dynamics of the piezoelectric dispenser 12c are such that it is able to 
operate at higher frequencies and shorter duty cycles than typical sileRoid valve dispensers, resulting in even smaller 
droplets 90. Operatbn of the piezoelectric cfispenser m terms of Blasting droplet size, frequency, velocity end flow 
rates is substantially the same as that described above in connection with the solenoid valve dispenser 12b of Figure 
3 and, therefore, will not be repeated here. 
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Svrinnfl Pump 

A positive displacement pump for use in accordance with one particular embodiment of the present invention 
may be any one of several varieties of commercially available pumping devices for metering precise quantities of 
liquid. A syringe-type pump 22, as shown in Rgures 1 A and IB, is preferred because of its convenience and 
5 commercial avaDabiUty. A wide variety of other pumps may used, however, to achieve the benefits and advantages 
as disclosed herein. These may include, without Bmitatton, rotary pumps, peristaltic pumps, squash-plate pumps, and 
the like. As iOustrated in more detail in Figure 5, the syringe pump 22 generaDy comprises a syringe housing B2 of 
a predetermined volume and a plunger 64 which is sealed against the syringe housing by O-rings or the ike. The 
phmger 64 mechanicaDy engages a pkinger shaft 66 having a lead screw portion 68 adapted to thread in and out 

10 of a base support (not shown). Those skilted in the art wiO readily appreciate that as the lead screw portion 68 
of the plunger shaft 66 is rotated the phinger 64 will be displaced axiatly, forcing reagent from the syringe housing 
62 into the exit tuba 70. Any number of suitable motors or mechanical actuators may be used to drive the lead 
screw 68. Preferably, a stepper motor 26 (Hgure 1) or other incremental or continuous actuator device is used so 
that the amount and/or flow rate of reagent can be precisely regulated. 

15 Suitable syringe pumps are commercblly avaaabte. such as the Bio-Oot CV1000 Syringe Pump Dispenser, 

available from Bio^ot, Inc. of Irvine, CaGf omia. This particular syringe pump incorporates an electronicaily controlled 
stepper motor for providing precisnn Gquid handfeg usmg a variety of syringe sizes. The CV1D00 is powered by 
a single 24 DC vott power supply and b controlled vra en industry-standard RS232 or RS485 bus interfece. The 
syringe pump may have anywhere from 3,000-24,000 steps, although higher resohttion pumps having 48.000 steps 

20 or more may also be used to enjoy the benefits of the invention herein dbctosel Higher resobtbn pumps, such as 
piezoelectric pumps, may also be used to provide even fmer resokitbns as destred. The lead screw 68 may optionally 
be fitted with an optical encoder or similar device to detect any bst steps. Ahematively, the lead screw of the 
metering pump can be replaced with a piezoelectric sfide to provide both smaller vohrnie increments and also faster 
acceleratbn/deceleration characteristics. Multiple syringe pumps may also be used m parallel, for example, for 

25 delivering varying concentrations of reagent and/or other tiqukis to the dispenser or for alternating dispensing 
operations between two or more reagents. This could have application, for instance, to ink jet printing using one 
or more colored inks or Ikjuid toners. 

The travel of the phinger 64 is preferably about 60 mm. Pkinger speeds may range from .8 seconds per 
stroke with a 10-step minimum for kiw-resohition pumping or 1.5 seconds per stroke with a 20-step minimum for 

30 high-speed resohttion pumping. The stroke speed may vary depending upon the syringe size and the tubing used. 
Syringes may vary from less than 50 microrrters to 25 miiters, or more as needed. For most reagent dispensing 
applications it shook! be adequate to provkla a syringe faavbig a vohnne from about 500 microfiters to about 25 
milliliters. The minimum incremental displacement vohune of the pump wiD depend on the pump resohttion and syringe 
vohime. For exaropte, for a syringe housing vohune of 500 ml md 12,000 step resohitlon pump the minimum 

35 incremental displacement vohmie wiQ be about 42 nanolhers. Minimum incremental displacement volumes from about 
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2.1 nanoRters to 2.1 milliliters are preferred, although higher or lower incremental displacement vobmtes may also 
be used while still enjoying the benefits of the present invention. 

The syringe housing 62 may be made from any one of a number of suitable bio compatible materials such 
as glass, Tefton™ or Kel-F. The plunger 64 b preferably fonned of virgin Teflon™. Referring to Figure 1. the syringe 
5 b connected to the reservoir 16 and the dbpenser 12 using a Teflon tubhg 23, such as K-inch O.D. tubing provided 
with luer-type fittings for connectioa to the syringe and dbpens^. Various check valves 24 or shut-off valves 25 
may also be used, as desired or needed^ to direct the flow of reagent to and from the reservoir 16, syringe pump 
22 and dbpenser 12c. 
Heaoant ResBrvoir 

10 The reagent reservoir 16 may be any one of a number of suitable receptacles capable of aQowmg a Gquid 

reagent 14 to be siphoned into pump 22. The reservoir may be pressurized, as deared, but b preferable vented to 
the atmosphere, as shown, via a vent opening 15. The particular size and shape of the reservoir 16 u relatively 
unimportant. 

A aphon tube 17 extends downward into the reservoir 16 to a desved depth sufficbnt to allow siphoning 
15 of reagent 14. Preferably the siphon tube 17 extends as deep as possAle into the reservoir 16 without causing 
blockage of tfie lower inlet portion of the ttdta 17. Optionally, the tower inlet portion of the tube 17 may be cut 
at an angle or have other features as necessary to desirable to provnte consbtent and reliable siphoning of reagent 
14. 

20 As mdicatsd Above, a key operational advantage achieved by the present invention b that over a certain 

dynamic range the flow of reagent, droplet size or mbt quality, droplet frequency, and/or droptot vetocity may be 
controBed substantially independently of one another and of the partcular flow characteristics of the reagent and 
operating parameters of the dbpenser 12. For example, the size of droplets formed by the dbpenser can be adjusted 
without affecting the flow rate of reagent mstered by the pump by changing the operating frequency (for solenoid 

25 vah/e or piezoelectric dbpenser) or by adjusting the exit orifice size (for an air brush dbpensarli The quantity or flow 
rate of reagent dbpensed b substantially unaffected because it b preciseiy controled by the positive dbplacement 
pump 22. Thb has particular advantage, for example, in applications requbing the dbpensing of very smaD droplets 
or for dbpensing higher vbcosity reagents, since the reagent ftow can be precbely controDed without substantial 
regard to the system operating parameters otherwnse required to achieve stable dbpensbig operations. Figure 6 

30 comparatively ilkistrates the range of ftow rates and operating condrtnns for gmm orifice openings attainable in 
accordance with the present mvention using an air brush dbpenser, versus conventional dbpensing methods using 
an air brush dispenser. 

Similarly, with a conventional solenoid vahre dbpenser in order to obtain very smal droplets, one must 
attempt to shorten the open time or duty cycle of the valve. However, as the vahre open tvne b shortened, the f tow 
35 rate of reagent decreases such that the cycle frequency of the valve must be increased to compensate. At a certain 
point the ftow characteristics of the reagent wlD Emit the ability to achieve uniform f ormatton of droplets when the 
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valve open time is very snal Moreover, even If stabb dispensing operation could be achieved by increasing the 
reservoir pressure, such increased pressure will tend to increase the droplet size and flow rate of reagent 
necessitating even further adjustments to achieve stable dispensing operation at the desired flow rate and droplet 
size. 

5 The present invention, however, overcomes these and other problems of the prior art by precisely metering 

the quantity and/or ftow rate of the reagent. Advantageously, the amount of reagent can be precisely regulated over 
a wide dynamic range without being sobstentialty affected by the particular operating parameters of the dispenser. 
This feature enables droplet size, droplet fretpiency, droplet velocity and other system parameters to be varied 
dramatically from one range to another at a graen ftow rate* Thus, the present imrention not only provides a method 

10 for precise metering of reagent, but also adds a new dimension of operation a dispenser not before posslile. 

Another importent operational advantage is that the range of droptel sizes attainable with the present 
invention is much wider than achieved with conventional solenoid vahre dispensers. The method and apparatus of 
the present invention using the solenoid valve dispenser, for example, b capable of attaining ndnimum stable droplet 
sizes in the range of 14 nanoliters, compared with ^-35 nanoGters for most conventional solenoid valve dispensers. 

15 In principle, even smaRv droplet sizes (on the order of .S4 nanoliters or smaller) should be attainable in accordance 
with the present invention using syringe pumps having a resolution of 48,000 steps and a syringe vohmie of 25 
microliters. Drop formation experiments have demonstrated the abiSty to (fispense 4.16-nanoiter drops with very 
good repeatablSty using a nozzle 59 (Figure 3) havmg an exit orifice 61 of about 175 microns in diameter. A smaBer 
exit orifice 61 having a ifiameter in the range of 75-125 microns should provide stable formation and dispensing of 

20 even smaBer droplets in accordance with the pre^ invention. 

On the other band, with the same setup one can program drop sizes or volume defivered up into the range 
of 1 uL by pulsing the syringe many times per vahre opening and by increasing the vahre open time to aDow the 
larger vohime to flow through the open vahre. For example, for a drop size of 4.16 nU the preferred setting would 
be 1 syringe step, 1 vahre opening and the open tone would be 2% or about 0.2 millisecond. For a drop size of 

25 1 W nL or 1.0 uU the preferred setting would be 240 syrmge steps. 1 vahre opening and the open time wouU be 
in the range of 25%-30% or 2.5 to 3.5 miliseconds. One can also defver the larger volumes in a h^h frequency 
burst of smaller drops. For example, one can de&ver 4.16 uL as 100 drops of 41.67 nl each using a frequency of 
100 Hz and an open time of 6% or 0.6 mUBseconds. 

Thus, the range of droplet sizes attainable for stable dispensing operetion may vary by a factor of about 

30 250 or more. This feature of the present invention has particular advantage for high production manufacturing and 
processing of ifiagnostic test strips. In cmain production appOcathms, for example, it may be desirable to dispense 
very smaD droplets or fine mists of reagent to provide optimal coating characteristics. At the same time, it may be 
desirable to provide high reagent ftow rates for increased production levels. With a conventional solenoid vahre 
dispenser, for example, to increase the output flow rate the vahra frequency or the length of the valve open time 

35 must be increasel But the longer the vahre open time is, the larger the droplets wi9 be. There is also an 
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operattonal Gmrt for a given valve and exit orifice to how short the open tima of the vatve can be and how high the 
operating frequency can be while stiO attaining stable operation. 

The present invention, however, allows the use of nnich shorter valve open times to attein stable operation 
at high flow rates by posithrely displacing the reagent through the valve opening. In other words, the flow of 
5 reagent is not substantiaBy affected by the particitbr operating freipiency of the vahre or the length of the open tine. 
It is dependent only on the displacement of the syringe pump, which acts as the forcing function for the entke 
system. 

Of course, as noted above, there wBI be a maximum range of operatiofl for a solenoH) valve dispenser 
operating at ghren operating frequency and vahre open time. The higher bnit wBI be the maximum amount of reagent 

10 that can be forced through the vahre at maximum desqjn pressure for the given operating frequency and valve open 
time. The lower limit wiO be determined by the stabSty of droptet formatbn. If the valve open time and/or 
operating frequency are too smaD for a ghren flow rate, the pressures in the dispenser wil become too great causing 
possible rupture or malfunction of the system. If the vahre open time and/or operating frequency are too large for 
a ghren f tow rate, the drop formation may not be uniform for each open/close cycle. Nevertheless, for a given flow 

15 rate of reagent provided by the pump 22 there wiD be a range of compatiile frsquencies and/or vahre open times 
for which stable operatbn may be achieved. TMs renge may be determined experimentaBy by adjusting the operating 
frequency and open time of the vahre to achieve stable droplet fomtation. Sanflar advantages can be achaved with 
air brush dispensers or other types of dispensers. 
X-Y'2 DIsnensiBa Platform 

20 In a particularly preferred mode of operation, a dispenser may be int^rated to an X, X-Y, or X-Y Z platform 

wherein the programmed motion control can be coordnated with the metering pump to deSver a desred vohime per 
unit length, with the abSty to also independently control the frequency and droplet size of the reagent being 
dispensed. For example, it is possible to defiver reagent at a rate of 1 microliter per centimeter at a constant table 
speed with a droptet size ranging between 4 and 100 nanoKters. The droplet size for a given dispenser flow rate 

25 can be controlled by adjusting the operation frequency of the solenoid valve, bt this context there are several 
particularly desirebb modes of operation: (1) line or continuous dispensing; (2) spot or "dot* dispensing; (3) aspirating; 
and (4) dot matrix printing. Each of these preferred modes of operation is addressed below: 
ppnttnuouf Pjepeytf jqg 

In the continuous dispensing mode, the metering pump is set to a prescribed flow rata to deliver a metered 
30 vohune of reagent in volumeiier-unit time. For example, the flow rate could ba programmed to deiver 1 microEter 
per second. The syringe wifl then pump reagent to the solenoid valve 12 at the predetermined rate. By opening 
and cbs'mg the vahre during this flow, droplets w3i be formed accorifing to the open tone and operating frequency 
of the valve. Thus, in the continuous dispensing mode, the Systran is not only capable of deCvering precise metered 
flow rates of reagent but thb can be done with independent control of table speed, reagent concentratbn per unit 
35 tength and droplet size. 
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If the solenoid valve dispenser is placed very close to the substrate, as shown in Figure 7 {to the left), then 
reagent w9t fbw directly onto the substrate providing a continuous Nne. This mode of continuous operation may 
provide particular advantage wh^ reagent patterns having very sharp ines are necessary or desirable. If desired, 
a continuous drive reagent pump may also be used to assure a steady flow of reagent to the solenoid valve 
5 dispenser. More commonly, however, the soteioid vahre dispenser win be spaced at least sFightty away from the 
substrate, as shown in Figure 7 |to the rightli tn this mode, discreet droplets wiQ be formed which are ^cted onto 
the substrate to f omi the desired pattern. The size of tach droplet will determine the effective resolution of the 
resultmg pattern formed on the substrate. It is convenient to express this resotutbn in terms of dots per mch or 
"dpi" Tbe present invention should be capable of achievino dispansing resolutions in the r^ge of 300-^0 dpi or 
10 higher. 

Dot DispgnsiiiQ 

in the dot dispensing mode, mdividual droplets can be dispensed at preprogrammed positions. This can be 
acconH)&shed by synchronizing the solenoid vahre and disphicement pump with the X, X-Y or X-Y-Z platform. The 
metering pump is incremented to create a hydraulic pressure wave. The solenoid vaNe is coordinated to open and 

15 close at predetermined times relathre to the pump increment The valve may be initially opened either be before or 
after the pump is incremented. WhSa the vahm is open the pressure wave pushes a vohmie of fluid down the nozzle 
f ormmg a droplet at the exit orifice at the time of peak pressure amplitude. The droplet will have a size determined 
by the incremental vohmie provided by the metering pump. For example, a SO^rotiter syringe pump with a 12,000 
step resohition will provide an incremental displacement volume of 4.16 nanoGters. 

20 The timing and duration of each vahre cycle relative to the hydrauic pressure wave created by the pun^ 

can be determbied experimentally to achieve stable dispenstng operation having the desired droplet size. If the 
wavelength of the hydraulic pressure wave is too large ralative to the vahra open time, the pressure wave may 
actually force the vahre shut. If the wavefength is about equal to or Sorter than the vahre open time, then a pulse 
of fluid will be displaced forming a droplet. Again, the size or volume of the droplet wifl be determined primarBy by 

25 the incremental displacement vohmie of the syringe pump. 

If the valve open time is targe relative to the pressure wavelength then several pulses or dtsplacemants may 
travel through the valve during the time in which it is open. This may be acceptable or even desirable for some 
applications, such as where bursts of droplets are desired at a programmed vahre frequency. For example, the 
dispensing apparatus can be programmed to produce 10 drops at 100 Hz to yietd a composite drop size of about 

30 41.6 nanoliters. This mode of operation can provide the ability to dispense drop sizes down to less than 1 nanoiter 
with the appropriate nozzte design. It wiQ depend on the resohttbo of the metering pump and the minimum vahre 
open/dose time and the «ze of the exit orifice. If the vahre is left open too long, however, then the system may 
not maintain enough pressure to eiect droplets. To achieve the most stable dispensing operation, the vahre open time 
should be ebout consistent with the droplet volume or composite droplet vohmte dispensed. 

35 The timing, frequency and duty cycle of the solenoid vahre relathre to the syringe pump and movable 

carrlagefplatform can be coordmated or synchronized by any one of a number controflers wel known in the art. 
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Typical controllers are microprocsssor based and provide any one of a number of output control pulses or electrical 
signals of predetermined phase, pulse width and/or frequency. These signals may be used, for example, to control 
and coordinate the syringe pump, movable carriaga/jjlatform and solenoid vahre dispenser in accordance with the 
present mventbn. 

5 There may also be some optimum phasing of the pressure pulse relative to the open/close times of the 

solenoid vaNe. Stable operation has been observed, for instance, when the valve open time is adjusted to be an even 
multiple of the pulse width of the pump mcremant, with the openfdose time of the valve being synchronized to be 
in phase with the resulting pressure wave. For example, with a 50-microiiter syringe pump operating at 12,0Q0-step 
resolution, the incremental displacement volume wiS be about 4.16 nanoliters. Therefore, stable operation should 

10 be possible with droplet sizes of some muhiple of 4.16 nanoSters. The minimum droplet size for stable operation 
may be increased or decreased accordingly by adjusting the resolution of the pimip or by increasing the size of the 
syringe. For a large droplet, say 9 x 4.16 nanoKters - 33.28 nanoiters. it may be preferred to open the v^e 
hmger than for smaller dreplets in order to get more uniform Enes and stabb operation. Again, the range of stable 
operation can be readily determined experimentally for each desired operating nrode. 

15 Asriratinp 

Another preferred mode of operation is aspirating Tsucking") precise quantities of reag«it or other liquids 
from a sample or reservoir. This mode may be used, for example, in a "suck and spit' operation whereby a precise 
quantity of fhiid is aspirated from one vial contabiing a sampb fluid and then dispensed into another vial or onto a 
ifiagnostic test strip for testing or further processing. The dispenser/aspirator may be a simple nozzle or needle 

20 ("aspirating tube*) or, more preferably, it may be a solenoid valve dispenser. The metering pump and 
ifispenser/aspirator are preferably synchronized or coordinated with an X. X-Y or X-Y Z movable platform. 

In operation the metering pump is fffied with a wash fluid such as distilled water. The tip of the dispenser 
or aspirating tube is placed into the fkiid to be aspirated and the metering pump is decremented to draw a precise 
quantity of the fluid into the tip of the dispenser or aspirating tube. It b generally desirable to only aspirate a small 

25 vokune of reagent into the tip of the solenoid vahre dispenser that does not pass into the valve. The metering pump 
is then incremented to dispense a precise portion of the fluid into a recehring receptacle or substrate. The remaning 
fluid is dispensed into a waste/wash receptacle along with a pradatermmed quantity of the wash. This ensures that 
the fluid sample does not get diuted with the wash fkiid and the sample is fhished out after each aspirate and 
dispense cycle. 

30 Thb mode of operation has particular advantage for dispensing high viscosity reagents. Conventional 

solenoid vahre dispensers typically do not worit very well with sohjtions hav'ng a viscosity above about 5 centtpoise. 
But there ere many applications where it is destrabte to dispense reagents having high viscosities. Advantageously, 
the present invention, when used bi the aspirate/dispense mode, prov'ules a sohition to this problem. Again, in the 
aspirate/dispense mode the system will be ftDed with a wash fluid such as water or a water.based sohition having 

35 a bw viscosity. The reagent is first aspirated then dispensed, follDwed fay washing of the valve fay dispensing 
excess wesh fhiid. 
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In the case of a viscous reagent the present invraition can aspirate and dispense such reagents very 
effectivety by decreastng the speed of aspiration. This allows mora time for the more viscous fluid to flow into the 
tip of the solenoid vahre dispenser or aspirating tube. Because the viscous fluid wiD then be hydrauScally coupled 
to the wash fluid, it can now be dispensed from the nozzle effectively, since the system is driven by positive 
5 displacement and the fluids are incompressible. Using this mode, the present invention can dispense reagents of a 
viscosity that cannot typically be directhr dispensed. 
Prrntlng 

Another possibly desirable mode of operation may be to use the drop dispensing capability of the present 
invention in conjunction with electrostatic, dot matrix, or other printing techniques to aeate printed patterns, lines 

10 and other geometric shapes on a substrate. In this case the metering pump may be used as an internal forcmg 
function to control quantitatively the droplet size of each dot in a matrix pattern. By superimposing programmed 
dispensing frequency function and setective chargbig and deflecting of droplets, the present invention can provide 
drop^n-demand printmg having extended capab9rtiBS for finer dot sizes and printing resohition. 

For example, a dispensing apparatus 10' having features of the present invention may be in used in 

15 conjunction with an electrostatic printing head 200, such as shown m Figure 8 to create a dot matrix pattern on 
a substrate. The (fispensing apparatus can be programmed to dispense droplets of a predetermined size and 
frequency pattern. These droplets can be electricaly charged such that they may be deflected by an electric field 
generated between a pair of deftector plates 210. The amount of charge put on a droplet is variable, and thus, the 
amount of def tectnn is also variable. The electronics may be arranged and adjusted such that droplets can be placed 

20 in any number of pmletemuned positions. Selective charging and deflecting of individual droplets may be used to 
form a desired dot matrix pattern, as shown. Alternatively, multiple dbpensers and pumps may be arranged to form 
an array of drop-on-demand dispensers for simple dot matrix printmg operations. 
Dispensing Piatforms 

As noted above, the dispensing apparatus in accordance with the present invention may also be mounted 
25 on any one of a number of membrane placement and handling modules. For instance, e sbigb platform 100 may 
be used to mount multiple dispensers to handle one or more reagents, as shown in Figure 9. Such dispensing 
platforms may be mtcroprocessor-based and are preferably controlled through an industry standard input/output 1^ 
controller (not shown), such as an RS232 interface. A remote programmable controller 110 may also be used, as 
desbed, to control the various dispensing equ^ment and platforms or to program a central I/O controller. The 
30 invention is also well suited for use with individual membrane strip handling modules and continuous red toreel 
handling modules. An ind'rvuhtal membrane strip module may mcorporate an X-Y table motion for dispensing. The 
reel-to-reel platform may incorporate constant-speed membrane transport with mountings attached for motbn of one 
or more dispensers. A drying oven (not shown) may also be used to mcreese production throughput, as desired. 
It win be appreciated by those skilled fai the art that the methods and apparati disclosed in accordance with 
35 the present mvention can be used to dispense a wide variety of liquids, reagents and other substances and a variety 
of substrates. Although the invention has been disclosed in the context of certain preferred embodiments, those 
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skiOed in the art will readily appreciate that the present invention extends beyond the specifically disclosed 
embodiments to other alternative embodiments of the invention. Thus, it is intended that the scope of the inventbn 
should not be bnited by the particular disclosed embodimeots described above, but should be determined only by a 
fair reading of the claims that follow. 
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WHAT IS CLAIMED IS : 

I. An apparatus for dispenstng predetermined quantities of Bquid onto a substrate, comprising: 

a dispenser having an inlet and an outlet and being adapted to fomi droplets of said liqiBd having 
a predetermined size andior quality which are deposited onto said substrate; and 
5 8 positive displacemrat pump hydrauficatly arranged m series with the inlet of said dispenser for 

metering predetermined quantities of sard Gquid to said dispenser; 

whereby the quantity and/or fbw rate of liquid dispensed by said dispenser can be precisely metered 
substantiaSy independently of the particular operating parameters of the dispenser. 

Z The apparatus of Claim 1 wherein said dispenser comprises an aerosol dispenser having an outlet 
10 comprising an air passage terminating in a nozzle and an inlet comprising a liquid passage terminating in a venturi 
orifice lor mixing said liquid with a flow of air to form an aerosd mist proximate said substrate. 

3. The apparatus of Claim 1 wherein said (fispenser comprises a valve adapted to be opened and 
closed at a predetermined frequency and duty cycle to form droplets of said liquid which are ejected onto said 
substrate. 

15 4. The apparatus of Claim 5 wherein said vahre is actuated by an electric solraioid. 

5. The apparatus of Claim 5 wherein said vahra b actuated by a piezoelectric constrictor device. 

6. The apparatus of Claim 5 wherein the frequency and duty eyde of said vahre can each be adjusted 
substantially independently for a ghnn quantity or flow rate of Equid to produce droplets of a desired size, frequency 
and/or exit velocity. 

20 7. The apparatus of Clani 1 in combination with a carriage adapted for X, X-Y or X-Y-Z motion 

relative to said dispenser for movably transporting said substrate and wheron said dispenser is mounted m 
juxtaposition with said carriage. 

8. The combination of Claim 7 further comprising a controlter m comnumication with said posithre 
displacement pump and said carriage for coordinating the output of said pump with the motion of said carrege so 

25 that said liquid may be dispensed m precise quantities of flow per unit length and such flow can be precisely rrntered 
substantially without being affected by the particular operating parameters of said dispenser. 

9. The combmatran of Clain 8 furth^ comprismg an array of dispensers and positwe displacement 
pumps, the outlets of said dispensers being arranged in a desired pattern sutable for attaining a desired print matrix 
or dot pattern. 

30 10. The apparatus of Claim 1 wher^ said positive displacement pump comprises a syringe pump. 

II. The apparatus of Claim 10 wherein said syringe pump comprises a syringe housing, a plunger 
axialty displaceable within said syringe housing and plunger shaft having a lead screw formed thereon. 

12. The apparatus of Claim 11 wherein said lead screw is sized and positioned such that when said 
lead screw is rotated, said plunger b dbplaced axiaSy, causing a predetermined quantity of said Gquid to be defnrered 
35 to said inlet of said dispenser. 
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13. The apparatus of Ctami 12 wherein said positive displacement pump further comprises a stepper 
motor adapted to cause said pump to dispense predetermined incremental quantities or flow rates of said Kquid to 
said dispenser. 

14. The apparatus of Claim 1 further comprising a second positrve displacement pump hydraurrcaDy 
5 coupled to said first posithre displacement pump for providing continuous web production capability. 

15. The apparatus of Claim 1 wherein said dispenser and posttrve disptacmnt pump are conf^ured 
and ai^ed so as to provide a range of selectable droplet sizes attainable for stable operation and varying by a 
factor of greeter than about 250. 

16. The apparatus of Claim 15 wherein said dispenser and positive iSsplacnnent pump are configured 
10 and adjusted so as to provide selectabte droplet sizes rang'mg from less than about A2 nanolrters to greater than 

about 1 microrrter. 

17. An apparatus for dispensing a liquid onto a substratOr comprising: 

a dispenser having an inlet and an outlet and a vahre adapted to be opened and cbsed at a 
predetermined frequency and duty cycle to form droplets of said Oquid which are deposited onto said 
15 substrate; and 

a positrve displacement pump hydrauEcaSy arranged in times with the inlet of sod dispenser for 
metering predetermined quantities of smd Piquid to sakt dispenser; 

whereby the quantity and/or flow rate of Bqutd ifispensad by said dispenser can be metered substantiaSy 
independently of the particular operating parameters of said dispenser. 
20 1 B. The apparatus of Claim 17 wherein the sze, frequency and velocity of droplets dispensed by said 

dispenser can each be adjusted substantially independently of the quantity and/or flow rate of Bquid being dispensed. 

19. The apparatus of Cteim 17 wherein sahl valve is actuated by an electric solenoil 

20. The apparatus of Claim 17 wherein said vahre b actuated by a piezoelectric constrictor device. 

21. The apparatus of Claim 17 wherein the frequency and duty cycle of said vahre can each be 
25 adjusted substantially independently for a given quantity or flow rate of Bquid to produce droplets of a desired size* 

frequency and/or exit vetoctty. 

22. The apparatus of Claim 17 wherein said positive displacement pump comprises a syringe pump. 
21 The apparatus of Claim 22 wherein said posithre displacement pump further comprises a stepper 

motor adapted to cause said syringe pump to dispense predetermmed incremental quantities or flow rates of seid 
30 liquid to said dispenser. 

24. The apparatus of Claim 23 wherein said dispenser and positive tfisplacement pump are configured 
and aiQusted so as to provide a range of selectabte droplet sizes attainable for stable operation and varymg fay a 
factor of greater than about 250. 

25. A method for (hspensing a liquid onto a substrate comprising the steps of: 
35 movably transporting the substrate; 

metering a predetermined quantity or flow rate of said liquid using positive displacement means; 
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supptymg said metered quantity or flow rate of sah) fiquid to a dispenser to form droplets of a 
predetermined size and/or quality which are deposited onto said substrate; and 

regulating tlie metering of seid predetermined quantity or flow rate of said liquid and transporting 
of said substrate so that the density of said liquid deposited on said substrate is independently controlled 
5 m terms of volume per unit length of said substrate. 

26. The method descrHied in Claim 25 wherein said droplets are in the range of about 4 nanoliters 
to about 1 microliter. 

27. The method described in Clain 25 wherein attainable droplet sizes range in size by a factor of 
greater than about 250. 
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